In silico analysis of the Medicago truncatula gene index release 8.0 at The Institute for Genomic Research identified approximately 530 tentative consensus sequences (TC) clustered from 2,700 expressed sequence tags (EST) derived solely from Sinorhizobium meliloti-inoculated root and nodule tissues. A great majority (76%) of these TC were derived exclusively from nitrogen-fixing and senescent nodules. A cDNA filter array was constructed using approximately 58% of the in silico-identified TC as well as cDNAs representing selected carbon and nitrogen metabolic pathways. The purpose of the array was to analyze transcript abundance in M. truncatula roots and nodules following inoculation by a wild-type S. meliloti strain, a mutant strain that forms ineffective nodules, an uninoculated root control, and roots following nitrate or ammonium treatments. In all, 81 cDNAs were upregulated in both effective and ineffective nodules, and 78% of these cDNAs represent in silico-identified TC. One group of in silico-identified TC encodes genes with similarity to putative plant disease resistance (R) genes of the nucleotide binding site-leucine-rich repeat type. Expression of R genes was enhanced in effective nodules, and transcripts also were detected in ineffective nodules at 14 days postinoculation (dpi). Homologous R gene sequences also have been identified in the Medicago genome. However, their functional importance in nodules remains to be established. Genes for enzymes involved in organic acid synthesis along with genes involved in nitrogen metabolism were shown to be coexpressed in nitrate-fed roots and effective nodules of M. truncatula.
Nitrogen (N) is the mineral nutrient needed in greatest abundance by plants, and most plant species can utilize a wide range of N species, including applied nitrate and ammonium fertilizers (Crawford 1995) . DNA arrays have been used to identify Arabidopsis and tomato genes that respond to nitrate nutrition (Scheible et al. 2004; Wang et al. 2001 Wang et al. , 2003 . Addition of nitrate to Arabidopsis, tomato, and tobacco induces genes involved in organic acid metabolism and nitrate uptake, reduction, and transport (Scheible et al. 1997 (Scheible et al. , 2004 Wang et al. 2001 Wang et al. , 2003 . An important aspect of legumes, including Medicago truncatula, is their unique ability to obtain N via bacterial symbiosis with soil bacteria, collectively called rhizobia. This extremely host-specific bacterial symbiosis results in the formation of a completely novel plant organ, the root nodule, following the perception of secreted rhizobial Nod factors. The root nodule houses the nitrogen-fixing rhizobia and allows the host plant to acquire biologically fixed nitrogen. The acquisition of nitrogen in symbiosis with soil bacteria triggers a wide variety of molecular and physiological changes in the host plant. Because of the close relationship of M. truncatula with the cultivated tetraploid alfalfa (M. sativa) and its relatively small genome size, M. truncatula is being used as a model plant for studies of legume biology and has been the subject of structural and functional genomics work (Cook 1999) . The international effort in plant genomics has positioned M. truncatula as a resource plant for understanding agronomic traits of importance to forage and grain legumes (Thoquet et al. 2002) .
The M. truncatula expressed sequence tag (EST) database at The Institute for Genomic Research (TIGR) contains some 227,000 EST sequences derived from over 55 cDNA libraries of different plant tissues exposed to several treatments and conditions. At TIGR, individual overlapping EST have been clustered into tentative consensus sequences (TC) that represent putative genes. Using in silico (electronic Northern) analysis of the M. truncatula Gene Index (MtGI) release 4.0 in September 2001, Fedorova and associates (2002) identified approximately 340 TC belonging to several functionally important categories that, putatively, were expressed solely in root nodules. Two groups of unusual nodule-specific TC were identified: calmodulin-like (CaM-like) proteins and cysteine-cluster containing proteins (CCPs) (Fedorova et al. 2002) . A selected number of nodule-specific CCPs were shown experimentally to be expressed solely in developing and mature nodules (Mergaert et al. 2003) , and computational analysis by Graham and associates (2004) suggests that Medicago CCPs may be found only in legumes. Nevertheless, since the previous reporting of the nodule-specific transcripts, the MtGI was supplemented with approximately 82,000 more M. truncatula EST, increasing the total number of TC by 3,919 to the current total of 18,612 TC (MtGI release version 8.0, January 2005). In a preliminary in silico analysis of the MtGI release 7 in May 2003 to evaluate consequences of deeper sequencing, we noted that i) the number of EST clustered in some of the nodule-specific TC was increased with additional EST derived exclusively from symbiotic root and nodule tissues; ii) although some TC remained as nodule specific, they were re-annotated for putative gene function; and iii) the number of EST clustered in some nodule-specific TC was increased with additional EST from non-nodule tissue cDNA libraries. These observations provided the impetus to undertake an in silico analysis using the most recent MtGI database and identify and update the list of bacterial symbiosis-specific M. truncatula TC. We also have studied the abundance of selected transcripts elicited during symbiotic nitrogen fixation using a cDNA filter array containing in silicoidentified cDNAs as well as cDNAs representing selected genes for enzymes involved in carbon (C) and nitrogen metabolic pathways. Transcript abundance of genes in M. truncatula root nodules following inoculation with a wild-type effective Sinorhizobium meliloti strain (Nod + Fix + ) and a mutant S. meliloti strain that forms ineffective nodules (Nod + Fix -) was examined. We also investigated whether or not nitrate and ammonium fertilizer additions lead to changes in gene transcription in M. truncatula roots. The present study represents the first report of cDNA array analysis performed with M. truncatula to identify plant genes expressed in response to different nitrogen sources. We show that a customized array using available cDNAs from the model legume M. truncatula such as reported here gives further insights into N and carbon metabolism in legumes in general and M. truncatula in particular.
RESULTS AND DISCUSSION
In silico analysis of Sinorhizobium-inoculated tissue-specific transcripts.
Among the 55 EST libraries represented in release 8.0 of MtGI, 9 libraries comprising 32,972 EST (14.5% of the M. truncatula EST database) were prepared from mRNA extracted from S. meliloti-inoculated roots and N-fixing and senescent nodules of M. truncatula. These cDNA libraries can be categorized into three major nodule-developmental stages: the inoculated root at 1 to 3 days postinoculation (dpi) (T1841, T1510, and T1707), young and N-fixing nodules at 4 to 30 dpi (5519, #G8L, 2764, 4047, and T1617), and senescent nodules at 40 and 60 dpi (T10109). One important development of M. truncatula genomics has been the ability to identify nodule-specific transcripts by electronic analysis (Fedorova et al. 2002; Graham et al. 2004; Journet et al. 2002; Mergaert et al. 2003) . Due to considerable additions of Medicago EST by the Medicago community and the updating of the MtGI by TIGR, the in silico search in the present study was conducted with the aim of updating the list of those TC that were clustered with EST derived exclusively from inoculated-root or nitrogen-fixing and senescent nodules. We identified 533 TC clustered from 2,649 EST solely from S. meliloti-inoculated root-and nodule-cDNA libraries of M. truncatula (Table 1) . With regard to stages of nodule development, 10% of these TC appear to be induced during the early stages of nodule development (1 to 3 dpi), whereas the expression of 76% of the TC was exclusively in N-fixing and senescent nodules (4 to 40 dpi) ( Table 1) . Transcription of the remaining 13% of the in silico-identified TC was initiated early in the nodulation process and continued to late nodulation stages (Table 1) .
Although 48% (253 TC) of the in silico-identified TC showed similarity to previously deposited sequences in GenBank, approximately 52% of the TC appear to be novel or showed similarity to genes of unknown function (Table 1) . In silico-identified TC that showed high similarity to previously characterized genes belong to several functional categories, including host resistance and defense response genes (5.1%), nodulins and hemoglobins (8.6%), transporters (3.4%), and signal transduction (6.2%), among others.
Expression patterns of in silico-identified TC using cDNA array and RNA blots showed that transcript abundance of TC composed of five or more EST per TC verified enhanced expression in nodules (Fedorova et al. 2002) and, thereby, indicated abundant transcription in nodules. It appears that only 22% (118 TC) of the inoculated root and nodule TC consist of five or more EST per TC (Table 1) . Therefore, it is necessary to carry out experimental validation of in silico-identified TC to confirm transcript abundance and patterns of transcription during nodule development.
To study transcriptional events elicited during symbiotic nitrogen fixation as well as nitrate and ammonium nutrition, we spotted 576 cDNAs representing 493 TC in a filter array. Of these, 296 cDNAs representing 287 TC (58.2% of the in silicoidentified TC) were identified by our in silico analysis as being clustered from EST obtained exclusively from Sinorhizobiuminoculated tissue cDNA libraries. These and additional cDNAs were chosen to represent genes for signal transduction; host stress and defense response; organic acid metabolism; transport function; nitrogen, carbon, and other primary metabolic pathways; and secondary metabolism, as well as genes with unknown function or no annotation.
Transcript abundance of Medicago roots and nodules following treatments with different nutrient nitrogen sources.
For inoculation treatments, M. truncatula plants were inoculated with wild-type S. meliloti strain 102F51 and a mutant S. meliloti strain T202. The wild-type S. meliloti strain 102F51 (Virts et al. 1988) . Both effective and bacterial-conditioned ineffective nodules contain S. meliloti cells in nodule tissues, but those elicited by T202 contain degenerating bacteriodes (Virts et al. 1988) . Gene expression patterns were evaluated between nodules of S. meliloti-inoculated plants at 14 dpi and roots of uninoculated control plants that grew in parallel. In M. truncatula, visible emergence of root nodules resulting from inoculation with wild-type effective Sinorhizobium occurs between 6 and 9 dpi (S. Miller and C. Vance, unpublished) . This period coincides with the onset of nitrogenase activity, estimated by the reduction of acetylene to ethylene in a gas chromatography analysis (S. Miller and C. Vance, unpublished) . By using an effective wild-type strain and an ineffective mutant strain as inoculants and harvesting nodules at 14 dpi (well after fixation of atmospheric nitrogen to ammo- nium by effectively nodulated plants is assured), we expected to show transcriptional profiles during symbiotic nitrogen fixation. The experiment also included treatments that evaluated transcript abundance of M. truncatula roots after nitrate or ammonium was added for 24 h to plants that were N starved for 20 days. Reference plants received KCl for 24 h.
Analysis of variance (ANOVA) done on gene expression ratios derived from three replicates showed that transcript abundance of 281 EST was significantly different (P < 0.05) among effective nodules, ineffective nodules, and nitrate-and ammonium-fed roots (Tables 2 to 4) . In this report, we use the term "upregulated expression" to refer to an expression ratio of 2-or more fold; otherwise, "enhanced expression" is used to refer to those probes with a 1.5-to 1.9-fold expression ratio. Downregulated genes are those with 0.5-or less fold change in gene expression. It was found that 81 cDNAs showed upregulated expression in both effective and bacterial-controlled ineffective nodules (Tables 2 to 4). cDNAs that were upregulated in both nodule tissues include genes for signaling, host defense response and secondary metabolism, known nodulins, transport function, primary metabolism, and cDNAs with biological function unknown, including 24 cDNAs that belong to the CCPs. In addition, 54 cDNAs of the spotted CCPs on the macroarry showed strong expression in Nod + Fix + nodules. Compared with the increased number of transcripts induced in nodules, there were only 37 cDNAs that showed upregulated or enhanced expression in nitrate-fed roots (Tables 2 to  4 ). Of these, 12 cDNAs showed greater transcript abundance in nitrate-fed roots compared with effective nodules. In contrast, addition of ammonium to N-starved M. truncatula plants re- sulted in no change in expression or weakly to strongly downregulated expression of cDNAs (Tables 2 to 4).
Expression of known nodulins in Medicago nodules and validation of macroarray expression data.
In the MtGI release 8.0 EST database, 46 nodulin and hemoglobin TC clustered from 735 EST appear to be expressed specifically during bacterial symbiosis. Of these, 30 nodulin and hemoglobin TC were clustered from five or more EST per TC, indicating that these transcripts are highly expressed in nodules. In conformity to published reports, a series of previously known nodulins as well as leghemoglobin cDNAs that are known to be restricted to nitrogen fixation (Appleby 1984; Ott et al. 2005 ) displayed enhanced expression in effective nodules (Table 3) . Of the 10 leghemoglobin cDNAs spotted on the array, eight cDNAs showed upregulated expression in Nod + Fix + nodules (Table 3) . Additionally, 15 nodulin cDNAs showed upregulated expression in Nod + Fix + nodules, including nodulin 25 (TC106696 and TC109561) and MtN22 (TC100596 and TC107014), among others (Table 3) .
We also employed quantitative reverse-transcription polymerase chain reaction (qRT-PCR) to verify the macroarray results. In 10 of the 13 samples for which validation was performed, the qRT-PCR analysis supported the trends observed in the expression pattern from the macroarray analysis (Table  5) . However, the expression ratios determined by qRT-PCR analysis were higher than the expression ratios determined by the macroarray analysis, in some instances with 10-fold differences (Table 5 ). The discrepancies may reflect that the qRT-PCR is a more dynamic technique than transcript profiling using cDNA arrays.
Plant disease resistance, host defense response, and signal transduction genes are induced in Medicago nodules.
For root nodule symbiosis, an exchange of signal molecules between the host and rhizobia is required. After root colonization, rhizobia enter roots of Medicago via root hairs and migrate to the root cortex via infection threads and induce the formation of nodules typically in the susceptible region of the root. It is generally thought that a compatible symbiotic interaction involves an inhibition of host defense mechanisms to permit the establishment of N-fixing soil bacteria within the host cells (Mithofer 2002) . However, the present study and previously published work by others have reported enhanced transcription of host stress and defense response genes in nodules (Colebatch et al. 2004; Gamas et al. 1998; Kouchi et al. 2004; Manthey et al. 2004; Yahyaoui et al. 2004) . Twentyseven TC with similarity to host disease resistance (R) and defense response genes were identified by in silico analysis. Of these, eight TC (TC96037, TC96816, TC98891, TC104195,  TC104261, TC105815, TC110511 , and TC111855) share protein sequences similar to R genes with the nucleotide binding site-leucine-rich repeat (NBS-LRR). Six of these TC were clustered from 14 EST derived exclusively from inoculated root cDNA libraries (2 to 4 dpi), whereas two TC were clustered from five EST derived from nodule and inoculated root cDNA libraries. Interestingly, all in silico-identified TC with similarity to R genes were clustered with two or three EST, suggesting a relatively low level of expression in nodules.
Taking advantage of the publicly available Medicago genome sequences, we took a bioinformatics approach to identify candidate R gene sequences. Using deduced amino acid sequences of the in silico-identified TC as queries, the BLASTP algorithm (E value = 0.001) as provided by the chromosome visualization tool (CViT) was used for the search. The BLAST search identified approximately 178 BAC sequence hits, but only 34 candidate gene sequences predicted from 17 Medicago BACs were verified by the International Medicago Genome Annotation Group consortium (IMGAG). The homologous Medicago genome sequences encode the conserved NBS domain of R genes (Meyers et al. 1999) . The amino acid motifs located on the NBS domain have been used to distinguish the toll and interleukin-1 receptor (TIR) and non-TIR NBS-LRR subfamilies of R genes (Meyers et al. 1999; Zhou et al. 2002) . The deduced amino acid NBS domain of 40 sequences were aligned using ClustalW: 9 R gene sequences from GenBank, 29 sequences from Medicago genome, and 2 of the in silico-identified TC from MtGI. Only TC96816 and TC98891 of the in silico-identified TC contained nucleotide sequences spanning the phosphate loop (P-loop) and GLPL motifs of the NBS domain. A parsimony tree constructed from the aligned NBS domain grouped the in silico-identified TC96816 and TC98891 along with a TIR subfamily of NBS-LRR R genes (Fig. 1) . This subfamily included well-characterized R genes such as the tobacco mosaic virus resistance gene N (A54810) and the flax rust resistance gene L6 (U27081), as well as many of the predicted R genes from the Medicago genome. The homologous R gene sequences from Medicago spp. belong to both the TIR and non-TIR subfamilies (Fig. 1) . We then evaluated the 5′ end genomic region (approximately 1.5 kb upstream of the transcription start site) of three of the candidate Medicago R genes that were clustered with the in silico-identified TC in the phylogenetic tree: AC148918_11, AC144502_2, and AC148227_4. Analysis of the 5′ end of the putative promoter sequences revealed the presence of the AAAGAT and CTCTT motifs multiple times along the sequences, including in the inverse orientation. These consensus promoter sequences are typical of leghemoglobin gene promoters as well as several other nodulin gene promoters (Fruhling et al. 2000; Stougaard et al. 1987 ). Deletions or mutation analysis in the promoter regions containing the AAAGAT motif resulted in significant reduction of reporter gene expression in transgenic Lotus spp. and transgenic alfalfa (Szczyglowski et al. 1994; Yoshioka et al. 1999) , indicating that these motifs may act as cis-acting elements for the expression of nodule-enhanced genes. The presence of these motifs in the homologous R gene sequences from Medicago spp. may or may not direct nodule-specific expression. Promoter activity and tissue localization of transcripts driven by these putative Medicago R gene promoter sequences remains to be determined.
In the array analysis, the expression of four cDNAs putatively encoding R genes (TC98532, TC97948, TC98670, and TC105815) was upregulated in effective nodules. These putative R genes also showed enhanced expression in bacterialcontrolled ineffective nodules at 14 dpi (Table 2 ). In addition, one cDNA (TC104261), encoding putative TIR-NBS type R protein, also was enhanced in effective nodules (Table 2) . A qRT-PCR analysis was performed to evaluate transcript abundance of putative R genes over the course of effective nodule development at 1, 3, 6, and 14 dpi. Transcript abundance of all R genes was significantly increased (P < 0.05) at 3 and 6 dpi, with expression ratios ranging from 5-to 14-fold higher than transcript abundance at 1 dpi. There were no significant differences in transcript abundance of R genes between 14 dpi and 1 dpi. Previously, a cDNA homologous to a resistance protein (TC90364) (Manthey et al. 2004 ) and two cDNAs encoding a disease resistance protein analog (Colebatch et al. 2004) were upregulated in M. truncatula and Lotus nodules at 4 and 7 weeks postinoculation, respectively. Expression of R-like genes in M. truncatula and Lotus nodules compared with uninoculated roots, together with the in silico identification of additional R gene transcripts specifically in Medicago nodules, indicates that Sinorhizobium inoculation may enhance the transcription of plant disease resistance genes in symbiotic roots and nodules. Although the functional importance of R gene expression in nodules is not clear, their increased transcription in effective and ineffective nodules compared with uninoculated roots and nitrate-and ammonium-fed roots suggests that they may play a role in symbiotic plant-microbe interactions.
Previously, some genes related to host defense mechanisms were shown to have no change in expression or were downregulated during nodulation of M. truncatula, although there were several upregulated defense response genes in nodules, including enzymes involved in secondary metabolism and defense responses (PAL, 4-coumarate:CoA ligase, chalcone reductase, cinnamyl-alcohol dehydrogenase, flavanone 3-hydroxylase, and caffeoyl-CoA-3-O-methyltransferase), proteins involved in cell-wall modification (glycine-rich proteins, hydroxyproline-rich proteins, and polygalacturonase inhibitor proteins) and pathogenesis-response proteins (chitinase, β-1,3-glucanase, and peroxidase) (Colebatch et al. 2004; Kouchi et al. 2004; Yahyaoui et al. 2004) . Other host defense genes that showed increased expression in M. truncatula nodules included an O-methytransferase, a heat shock protein, and a putative ethylene-forming enzyme (Mitra et al. 2004) . In the present array analysis, several upregulated genes in effective nodules at 14 dpi appear to encode known host stress and pathogenresponsive genes, including enzymes of the phenylpropanoid pathway, peroxidases, a superoxide dismutase, and a chitin biosynthesis protein. A cDNA encoding MtN1 protein (TC100789) also was upregulated in effective nodules, and enhanced transcript abundance also was detected in ineffective nodules (Table 3 ). In a previous study, MtN1 and MtN13, encoding proteins structurally related to a cysteine-rich pathogen-inducible and the PR10 family of plant defense proteins, respectively, were identified in S. meliloti and M. truncatula interactions (Gamas et al. 1998 ). Because these classes of genes are induced as part of plant defense to stress and pathogen attack, their enhanced expression in effective nodules may signify an induction by legume plants of common proteins for bacterial symbiosis as well as host defense response. It also is possible that these proteins may have a function not related to a defense response in developing and N-fixing nodules.
Other nodule-enhanced genes from our in silico and cDNA array analyses include cysteine proteases and proteinase inhibitors. The identification and cloning of a gene encoding a secreted cysteine protease (Rcr3) that is required for Cladosporium fulvum resistance, and a secreted aspartic protease (CDR1) that regulates an inducible resistance response (Kruger et al. 2002; Xia et al. 2004) , suggest that plant proteases are involved in host defense. Therefore, it may be argued that proteases and proteinase inhibitors could potentially protect the nodule tissue from pathogen and pest attack.
With regard to cysteine-cluster containing proteins, Fedorova and associates (2002) and Mergaert and associates (2003) identified in silico at least 150 TC encoding small proteins (60 to 100 amino acids) with conserved cysteine-rich regions and a signal peptide at the N-terminal region of the protein (CCPs). Despite deeper sequencing, many of these CCPs (109 TC composed of 660 EST) are clustered from EST derived exclusively from inoculated root and nodule cDNA libraries. Approximately 93% of these TCS are clustered from EST prepared exclusively from Nfixing and senescent nodules, whereas approximately 2% are assembled from EST prepared from inoculated root cDNA libraries. Many of the in silico-identified CCPs are composed of five or more EST per TC. The array analysis showed that approximately 71% of the spotted CCPs were strongly induced in effective and bacterial-conditioned ineffective nodules. Enhanced expression in bacterial-controlled ineffective nodules suggests that symbiosis-specific CCPs play a role in a process other than nitrogen metabolism in nodules. Motif analysis of CCPs has revealed strong similarities to plant defensins, some of which confer resistance against plant pathogens (Graham et al. 2004 ). Mergaert and associates (2004) also suggested that symbiosis-specific CCPs might function in cellular defense or cellto-cell signaling during nodulation.
With regard to signal transduction in N-fixing nodules, Colebatch and associates (2004) identified approximately 43 genes in Lotus spp. In the present study, a total of 31 TC assembled from 131 EST exclusively from Sinorhizobium-inoculated tissues showed homology to genes involved in signal transduction, although only 6 TC were clustered from 5 or more EST. One unique group of signal transduction transcripts identified by Fedorova and associates (2002) contains the CaM-like genes. Eight CaM-like TC originally identified by Fedorova and associates (2002) (TC99375, TC107257,  TC107926, TC101807, TC96504, TC102961, TC95911, and  TC99193) were derived exclusively from inoculated root and nodule cDNA libraries. In the array analysis, CaM-like proteins showed differential expression patterns: those that were upregulated in effective and ineffective nodules (CaM-like 1, CaM-like 3, and CaM-like 5), and those cDNAs upregulated in effective nodules and also enhanced in ineffective nodules (CaM-like 2 and CaM-like 6b) ( Table 2 ). The nodule-enhanced CaM-like proteins appear to localize in the symbiosome space of M. truncatula nodules (J. Liu, J. Sherrier, B. Buccairelli, and C. P. Vance, unpublished) . Nevertheless, their functional importance in nodules remains to be established.
Another group of in silico-identified TC that may play a role in signal transduction putatively encode several protein kinases (TC104400, TC104745, TC106116, TC98207, TC104545, TC97492, TC99256, TC111529, and TC108845), eight TC encoding transcription factors as well as a remorin-like protein (TC96630). In the cDNA array analysis, cDNAs representing an S glycoprotein (TC103882), a protein kinase homolog NPK1 (TC106116), and transcription factor (TC99871 and TC95981) proteins showed upregulated expression in Nod + Fix + nodules (Table 2) .
Is there a role for neutral invertase in Medicago nodules?
Sucrose cleavage to hexose is the first step in carbon use by nodules for symbiotic nitrogen fixation. Plants degrade sucrose through either sucrose synthase or invertase (Strum 1999; Strum and Tang 1999) . In the array analysis, a cDNA for neutral invertase (TC106499) showed upregulated expression in effective nodules at 14 dpi compared with uninoculated roots (Table 4) . A qRT-PCR analysis was performed to evaluate transcript abundance of invertase over the course of effective nodule development at 1, 3, 6, and 14 dpi. There were significant increases in transcript abundance of invertase at 3, 6, and 14 dpi (P < 0.05). Expression ratios of invertase at 3, 6, and 14 dpi were 15-, 11-and 4-fold higher, respectively, than transcript abundance at 1 dpi. Previous evidence suggests a role for neutral invertase in nodules. Manthey and associates (2004) showed upregulated expression of neutral invertase in root nodules of M. truncatula. Enhanced expression and enzyme activities of invertase and sucrose synthase genes in root nodules of M. truncatula, pea, and lentil were reported previously, indicating that both genes are active in N-fixing nodules (Chopra et al. 2003; Craig et al. 1999; Gordon et al. 1999; Yahyaoui et al. 2004 ). On the other hand, increased expression of sucrose synthase was observed in root nodules of M. truncatula and Lotus spp. (Colebatch et al. 2004; Hohnjec et al. 1999; Kouchi et al. 2004 ). The presence of isozyme forms of sucrose synthases and invertases with contrasting carbohydrate responsiveness may explain the differences in their expression profiles in M. truncatula nodules (Kouch 1996) . Differences in expression profiles also may be due to differences in the timing of root tissue harvest relative to the stage of nodule development. In contrast to sucrose synthase, little is known about neutral invertase activity in M. truncatula nodules. Further work is warranted to establish the unequivocal roles of sucrose synthase and neutral invertase during nodule development in M. truncatula.
Organic acid synthesis and nitrogen metabolism genes are coexpressed in nitrate-treated roots and N-fixing nodules of Medicago spp.
Plants obtain nitrogen via a number of ways: through symbiotic nitrogen fixation and nitrate reduction in roots and shoots, among others (Vance 1997) . Irrespective of the primary source, N is first reduced to NH 4 + before it is assimilated into the amino acids glutamine and glutamate, which serve to translocate organic N from source tissues to sink tissues (Vance 1997) . Ammonium is synthesized from nitrate by the actions of the nitrate assimilation genes, nitrate reductase, and nitrite reductase (Crawford 1995) and, hence, the upregulation of these genes by nitrate is expected. The major genes involved in primary N-assimilation are glutamine synthetase (GS), glutamate synthase (GOGAT), aspartate aminotransferase (AAT), and asparagine synthase (AS) (Vance 1997; Vance et al. 1994) . The transcription response of M. truncatula to nitrate and ammonium addition has not been investigated previously. However, DNA arrays used to identify Arabidopsis and tomato genes that respond to nitrate following a period of N deficiency identified over 1,000 induced genes, including several nitrate transporter gene families and nitrate assimilation genes (Scheible et al. 2004; Wang et al. 2001 Wang et al. , 2003 . N-assimilation genes such as GS, GOGAT and AS were induced by nitrate in Arabidopsis and tomato (Scheible et al. 2004; Wang et al. 2001 Wang et al. , 2003 . Expression of genes encoding phosphoenolpyruvatecarboxylase (PEPC), cytosolic pyruvate kinase, citrate synthase (CS), and NADP-isocitrate dehydrogenase were induced in tobacco, Arabidopsis, and tomato plants supplied with nitrate when compared with control roots (Scheible et al. 1997; Wang et al. 2001 Wang et al. , 2003 . Nitrate also induced PEPC kinase, carbonic anhydrase (CA), peroxidase, aconitases, enolase, cytoplasmic malate dehydrogenase (MDH), aquaporins, root phosphate, and potassium transporters in Arabidopsis and tomato plants (Scheible et al. 2004; Wang et al. 2001 Wang et al. , 2003 . The macroarray results of M. truncatula were similar to the nitrate responses of Arabidopsis, tobacco, or tomato plants in that PEPC kinase (TC108608), MDH (TC107189), NADH-GOGAT (TC94780), AS (TC100391 and TC100393), nitrite reductase (TC100672), and GS (TC106913) were upregulated in M. truncatula roots following the supply of 5 mM nitrate to N-limited plants (Table 4 ). In addition, PEPC (TC94196), succinyl-CoA synthase (TC101044), CS (TC95758), MDH (TC94390, TC100429, and TC100430), and enolase (TC100309) showed enhanced expression in nitrate-fed roots of M. truncatula (Table 4) . However, nitrate induced several invertases in Arabidopsis, whereas none of the six-member sucrose synthase family was induced (Scheible et al. 2004) . By contrast, we found upregulated expression of two cDNAs of a sucrose synthase gene (TC100410) and enhanced expression of a fructokinase gene (TC94345) in nitrate-treated M. truncatula roots compared with control roots (Table 4) .
In N-fixing nodules, the carbon skeletons required for initial assimilation of ammonium (Vance 1997; Vance et al. 1994) and the predominant sources of energy for bacteroid respiration (Driscoll and Finan 1993) are derived from organic acids. In the presence of CA and PEPC, phosphoenolpyruvate (PEP) is transformed to oxaloacetate, which then can be reduced to malate by MDH (Miller et al. 1997; Vance et al. 1994) . In keeping with these observations, transcripts for CA (TC94246 and TC100173) and MDH (TC94390 and TC107189) showed upregulated expression in effective nodules of M. truncatula at 14 dpi (Table 4) . Also, transcripts for PEPC (TC94196) and two cDNAs of CS (TC95758 and TC107007) showed enhanced expression in effective nodules of M. truncatula at 14 dpi (Table  4) . These results are consistent with previous observations that the enzymes that utilize citric acid intermediates showed the highest enzyme activity levels in the plant fraction of alfalfa nodules (Irigoyen et al. 1990 ). The expression of MDH, CA, and PEPC also were increased in effective nodules of Lotus spp. (Colebatch et al. 2004) . In general, transcript abundance of genes involved in primary N assimilation were increased during effective nodule development of M. sativa, M. truncatula, and Lotus spp. and generally were reduced in bacterialcontrolled ineffective nodules of M. sativa (Colebatch et al. 2004; Gantt et al. 1992; Kouchi et al. 2004; Vance et al. 1994; Yahyaoui et al. 2004) . Consistent with these reports, transcripts of GS, AS, amino transferase, and nitrite reductase were expressed strongly in effective nodules of M. truncatula at 14 dpi (Table 4) . Our observations and those of others, that show that genes for organic acid synthesis and N metabolism are coexpressed in nodules, further strengthens the argument that N and C metabolic pathways are highly integrated during effective bacterial symbiosis and play a vital role in providing C skeletons during N assimilation.
Concluding remarks.
We updated the list of Medicago TC clustered exclusively from Sinorhizobium-inoculated root and nodule EST previously reported by Fedorova and associates (2002) and employed a cDNA array analysis to verify their induced transcription in effective nodules, Sinorhizobium-controlled ineffective nodules, and nitrate-and ammonium-fed roots of N-starved plants. The updated list of in silico-identified TC is expected to be a valuable resource for the Medicago community. The present study shows that some of the in silico-identified TC also are induced in Sinorhizobium-controlled ineffective nodules. The study reported here and others with M. truncatula and Lotus spp. suggest that rhizobia-plant symbiosis may share features in common with plant-pathogen interactions and, perhaps, show a parallel between plant responses to symbionts and pathogens. Plants interact with soil microorganisms throughout their life cycle. To control the number of effective nodules formed and to avoid nonsymbiotic infections, the host plant must assess the process of bacterial interaction and nodulation at all times and should trigger host resistance strategies should a microbial interaction fail to move toward symbiosis. The challenge for researchers is to identify the crucial differences in plant responses to symbiotic and pathogenic microorganisms that result in different outcomes. Because a large number of selected probes can be evaluated in parallel, custom-made arrays with EST from the model M. truncatula such as reported here give further insights into N and C metabolism in nodules. By contrasting expression in bacterial-conditioned nodule forms, the cDNA array data provides conclusive support for earlier suggestions by many workers that C and N metabolism genes are coexpressed in effective nodules. Furthermore, published results from array analysis of transcripts from determinate and indeterminate nodules using the two model legumes, Lotus japonicus and M. truncatula, respectively, reveal remarkable agreement for expression of most nodule-enhanced genes and provide impetus for future gene-silencing studies. Detailed study on changes in metabolite concentrations should compliment results from cDNA filter array data and help rectify contrasting results. We conclude that results obtained from applying genomics tools to identify genes associated with symbiotic nitrogen fixation and mineral N nutrition in M. truncatula should be transferable to other herbaceous legume species.
MATERIALS AND METHODS

In silico analysis.
Release 8.0 of the M. truncatula EST collection at TIGR contains 18,612 TC clustered from 208,685 EST. An in silico analysis was applied to identify those TC composed of EST exclusively from effective S. meliloti-inoculated roots and nodules of M. truncatula genotypes A17 and R108, as described previously (Fedorova et al. 2002) .
Plant culture and growth conditions.
M. truncatula genotype A17 seed were scarified and sown in pots containing a 1:1 (vol/vol) mixture of vermiculite and industrial quartz (Unimin Corporation, New Cannan, CT, U.S.A.) which had been mixed with an N-free nutrient solution (Vincent 1970) . Four days after seedling emergence, when the primary leaf was fully open, seedlings were inoculated with a suspension of S. meliloti strain 102F51 or S. meliloti mutant strain T202 in distilled water. The inoculants were prepared from early stationary phase cultures grown in yeast mannitol broth (Vincent 1970) . Reference treatments were inoculated with distilled water. The experiment was conducted in a growth chamber (temperature cycle of 21 and 19ºC, light and dark, with a 14-h light cycle) with three replicates in each treatment. Plants were watered with N-free nutrient solution throughout the experiment. Root and nodule samples were collected by hand, placed on dry ice, ground in liquid nitrogen, and stored at -80ºC. Transcription patterns for the inoculation experiment were evaluated between roots of uninoculated control and effective or ineffective nodules of Sinorhizobiuminoculated plants that grew in parallel for 14 dpi.
For N fertilizer treatments, M. truncatula cv. A17 seed were scarified and sown in pots containing a 1:1 (vol/vol) mixture of vermiculite and industrial quartz which had been mixed with an N-free nutrient solution (Vincent 1970) . Plants were grown in N-free nutrient solution for 20 days after seedling emergence before they received 5 mM nitrate as KNO 3 , or 5 mM ammonium as NH 4 SO 4 for 24 h. Reference treatments received 5 mM KCl for 24 h. Root samples were collected by hand, placed on dry ice, ground in liquid nitrogen, and stored at -80ºC. Gene expression patterns between roots of nitrate-or ammonium-fed plants were evaluated with roots of KCl-fed (control) plants 24 h after treatment.
Preparation of macroarrays.
The cDNA inserts were amplified by PCR with T3 and T7 primers and the quality of each PCR product was evaluated by agarose gel electrophoresis. PCR products were arrayed on Gene Screen Plus membranes using a Q-bot (Genetix, Boston, U.S.A.) fitted with a 96-pin gravity gridding head, essentially as described previously (Uhde-Stone et al. 2003) . Each EST was spotted in duplicate on each filter array. Arrayed filters were air dried and stored at room temperature. DNA was denatured for 10 min by placing filters cDNA side up on Whatman 3 MM paper soaked with denaturing solution (1.5 M NaCl and 0.5 M NaOH), followed by 5 min on Whatman 3 MM paper soaked with neutralization solution (1.5 M NaCl and 1 M Tris, pH 8.0). Filters were air dried and fixed by UV cross-linking (120 joules cm -2 ).
RNA extraction, hybridization, data acquisition, and analysis. Total RNA was extracted from nodule and root tissues using the RNeasy Plant RNA mini kit (Qiagen, Valencia, CA, U.S.A.) following the manufacturer's instructions. For hybridization, α-32 P-dATP-labeled first-strand cDNAs were synthesized by reverse transcription of 30 µg of total RNA with the Superscript RT II kit (Invitrogen, Carlsbad, CA, U.S.A.), oligo(dT) 12-18 (Sigma-Aldrich, St. Louis), and dNTPs mix as described previously (Fedorova et al. 2002) . Unincorporated nucleotides were removed by passing the mixture through Micro Bio-Spin Chromatography Columns (Bio-Rad, Hercules, CA, U.S.A.) and 32 P incorporation was quantified via liquid scintillation counting. The final concentration of each labeled firststrand cDNA was adjusted to 1 × 10 6 cpm/ml of hybridization solution. Filters were hybridized and washed as described previously (Fedorova et al. 2002; Uhde-Stone et al. 2003) . There were three replicate filters derived from three completely randomized replicate treatments as described above. Hybridized filters were wrapped in plastic and exposed to phosphor screens for 5 days. Phosphor screens were scanned using the storm 840 PhosphoImager (Molecular Dynamics). The fluorescence intensity of each spot was quantified automatically using the Array-Pro analysis software (version 1.0; Media Cybernetics, Carlsbad, CA, U.S.A.). The local background was subtracted from the intensity values for each spot. Mean signal intensity for each spotted EST was calculated from the duplicate spots on each filter. Gene expression ratios of nodules to uninoculated control roots as well as gene expression ratios for the nitrate-and ammonium-fed roots to control roots of KClfed plants were calculated. Array data was normalized and analyzed using GeneSpring (version 7.2; Silicon Genetics, Redwood City, CA, U.S.A.) as provided by the Supercomputing Institute of the University of Minnesota. ANOVA was performed with P value cutoff at 0.05.
qRT-PCR analysis.
Total RNA was treated with RQ DNAse I (Promega Corp., Madison, WI, U.S.A.) at 37ºC for 1 h to remove any contaminating DNA, and then total RNA was isolated using a spin column provided as part of the RNeasy Plant RNA minikit (Qiagen). First-strand cDNA was prepared from 2 µg of total RNA with the Superscript RT II kit (Invitrogen) and random hexamers (Sigma-Aldrich) at 200 ng/reaction, according to the manufacturer's instructions.
Gene-specific primers for the RT-PCR analysis were designed using the PrimerExpress software (Applied Bisosystems, Foster City, CA, U.S.A.). A PCR master mixture using the SYBR Green PCR and RT-PCR Reagents (Applied Biosystems) was mixed with 1.5 µl of first-strand cDNA as template, 40 pmol each primer for a final volume of 25 µl per reaction. The ABI PRISM 7000 Sequence Detection System (Applied Biosystems) was used for the PCR and detection of the fluorescent signal. Cycle conditions were 1 cycle of 50ºC for 2 min and 1 cycle of 95ºC for 10 min, followed by 40 cycles of 95ºC for 15 s and 60ºC for 1 min. The analysis was performed in triplicate. The specificity of the RT-PCR reaction products was confirmed by running a heat-dissociation curve after the end of the PCR reaction, as well as by agarose gel electrophoresis. Primers specific for the M. truncatula 18S rRNA were used as an endogenous control to account for variability in the initial concentration and quality of the total RNA. For data analysis, gene expression was normalized to the 18S rRNA expression levels in each sample. The calibrator sample in realtime RT-PCR was the cDNA from the root samples of uninoculated control plants that received a nitrogen free nutrient solution. The threshold cycle (ΔΔCT) method of comparing expression data was applied and the relative quantitative value was expressed as 2 -ΔΔCT .
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